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SUMMARY 


A hierarchy of strategies were postulated to describe the- process of 
learning steering control. Vehicle motion and steering control data were 
recorded for twelve novices who drove an instrumented car twice a week dur- 
ing and after a driver training course. Car-driver describing functions were 
calculated, the probable control structure determined, and the driver-alone 
transfer function modelled. The data suggested that the largest changes in 
steering control with learning were in the way the driver used the lateral 
position cue. 


INTRODUCTION 


Various aspects of driver behavior have been studied using manual control 
theory. To date, most, if not all, of this research has used experienced 
drivers. The research to be described in this paper used inexperienced drivers 
in order to study the changes in the driver describing function as a novice 
learns to steer a car. 

The mathematical model used to describe the driver is the crossover model, 
described in Reference 1. Though the model was developed using single-loop, 
compensatory tracking tasks, it has been successfully used to describe car 
driving where two loops are involved. The basic tenet of the crossover model 
is that the human adapts to each controlled element so that the open loop man- 
machine transfer function always has the form: 

Y p (jw)Y c (jw) = w ? e“ jWT (I) 

~“jw 
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where w £ is the system crossover frequency, and t is the effective time delay 
(incorporating delays due both to the operator and the control device), Y p 
is the operator describing function, Y is the transfer function describing 

V 

the control device dynamics, and jw is the complex frequency variable. 


Weir and McRuer (Reference 2) applied this model to automobile lane- 
keeping steering tasks in order to determine which of the available visual cues 
would yield good performance without great effort on the part of the driver. 
From previous studies with the crossover model it has been shown that the human 
operator selects from the possible cues or feedbacks those that minimize his/ 
her equalization requirements. In other words, the operator prefers to act as 
a simple gain and time delay rather than as a single or double differentiator, 
and selects cues so that s/he can do this. The car dynamics in lateral posi- 
tion are such that the use of lateral error as a cue would require the operator 
to act as a differentiator, (y ^ j _ j W K e 'J WT ) from the crossover model.) 


This eliminates lateral error as a dominant cue for the experienced driver. 
Heading angle and rate, path angle and rate, and time-advanced lateral devia- 
tion were studied (Reference 2) as possible cues. As heading rate control 
allows a fairly large lag and produces a high crossover frequency, it appears 
to be the best cue to use. As its use is associated with high frequency con- 
trol movements, heading angle (an intermediate frequency cue) is a more probable 


cue in less demanding situations. Control is unlikely to be purely directional 
since drifts in lateral position will occur which, if uncorrected, may result 
in the car going out of the lane. Therefore, it was suggested that a probable 
structure for an experienced driver is an outer loop controlling lateral posi- 
tion and an inner loop controlling heading angle or rate. The heading angle 
inner loop provides the path damping necessary for a stable, well-behaved 
closed loop system - and thereby avoids the necessity of the operator differ- 
entiating the input (which would difficult because it must be done at low fre- 
quencies as well as high) which would be needed to stabilize the outer loop, 
if it were the only loop closed. Though a single loop structure of time ad- 
vanced lateral deviation had also been suggested in Reference 2, the time ad- 
vance (preview time) necessary for such a control loop to work was in the 
order of 5 to 10 seconds. Below these values the lead generated by using pre- 
dicted future lateral deviation 'would not compensate sufficiently for the 
inherent lags in the driver/ vehicle system'. In Reference 3 a survey is 
presented of the research on estimated preview times used by experienced dri- 
vers. Only when the driver viewed the road through a narrow slit were preview 
times in the range needed for good use of time advanced lateral deviation as 
a control loop. This suggests that such a control loop is an unlikely possi- 
bility under normal driving conditions. The reader must be cautioned at this 
point that statements about which cues are used in driving in no way imply 
that these cues are directly perceived by the driver. For example, the driver 
may perceive heading angle directly or may perceive some function of heading 
angle. The mathematical analysis cannot differentiate between two such depend- 
ent variables. 
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. Hypotheses About Learning Steering Control 

Perceptual -motor learning studies, eye movement studies of novice drivers 
and anecdotal information obtained from driver instructors were used to gen- 
erate hypotheses about the stages in the learning of steering control. In the 
first stage it was postulated that the driver controls lateral position (y), 
the most obvious cue. In reference 4 it was shown through a study of the eye 
movements of novice drivers that novices tended to look closer in front of the 
vehicle than experienced drivers, suggesting they were looking for lateral 
position cues. As was pointed out earlier, lateral position is a difficult 
cue to control so this stage was not expected to last long (see Fig. 1). 

With experience the novice begins to look further ahead of the car. This 
is necessary in order to better monitor the environment but also allows the 
driver to pick up heading angle M movements more easily. The car's dynamics 

in heading angle (6^ w ) are rate dynamics, so that the driver's control may be 

modelled by a simple gain and time delay. Thus the second stage is that the 
driver will use heading angle as the dominant cue, but will still control lateral 
position directly (as in the first structure), with corrections being made 
when a significant lateral position error has accumulated. An analogous 
strategy was used by subjects in an experiment described in reference 5, where 
subjects using an oscilloscope centered a target on crosshairs by sequentially 
pressing two keys, one causing target acceleration to the right and the other,, 
to the left. The response pattern suggested that some subjects modified their 
responses on the basis of feedback i.e. after drifting off target they made a 
single, long duration corrective movement, while other subjects, who maintained 
r es P° n ^ n 9 and were consistently better in overall performance, 

+ f ri C1 ? n L strat ? 9y *. These latter subjects 'when the target drifted 
+ri a Ce I! t 5 r i? -maintained a high rate of responding but at the same 

In m Jh 9r i d SJ 1 I y incre ^ ed the len 9 th of time the right key was active relative 
Jj^ 5 e k le I t 4 . key, J SO xf hat over a series of responses the target was made to 
drift back towards the center'. It was postulated that at an intermediate 
stage, learning drivers would be using a strategy similar to Pew's first 
group of subjects, which would be represented by an alternating operation on 
lateral position and heading angle as shown in Fig. 2. 

. . lf } the f l na J f ta 9 e of learning, it was postulated that the driver would' 

Jo use dual loop control , where heading angle is the dominant cue, con- 
trolled by an Inner loop, and lateral position is controlled with an outer 
loop. In this way lateral position may be controlled by heading angle cor- 
rections i.e. using a simple gain (Y^ = K y ) rather than having to estimate 

J e °J of Isteral position. The operators control of heading angle 

was modelled by a gam, Kip, a lead term (1 + T^jw), and a time delay 9 

(e J ). (i.e. = K^(l + T^ jw)e ^ WT ). The lead term is needed to offset 

a lag in vehicle response at higher frequencies. For the experimental car the 
break frequency of this lag occurred at T r = 9.4 rad./sec., therefore the same 

value was assumed for TJ, when the driver-alone transfer function was modelled. 

In reference 6 it was shown that this structure satisfied the crossover model 


and appeared to provide a reasonable fit to experimental data. Such a form 
of control is analogous to that used by the subjects using the more efficient 
strategy in the experiment described in reference 5. 


Theoretical Analysis 

The driver-car transfer function for the control structures postulated as 
stages in the learning process will now be derived. 

. Using Fig. 1, the following relationship may be obtained: 

I" f „ VVV'w (2) 
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Fig. 1. Single-loop control of lateral posi- 
tion (fiswa-steering wheel angle, 6w- front tire 
angle, Gs-steering gain, other definitions in 
text) 

If each variable is cross-correlated (see reference 7 for a description of 
these techniques) with the input disturbance, <5^, the following is obtained: 

K * * ft * + n G - . G y Y 6 - 4>. G^Y G -( 3 ) 

6 d 6 w 6 d 6 d 6 d n s 6 d 6 w 6 w y s V 6 y s 
The remnant, n, is by definition that part of the drivers output which is un- 
correlated with the input, so that <f>. _ may be considered to be zero. Because 

°d 

6 d is such designed so that it is much larger than n, <J> fi ^ will be negligible in 

comparison with , and 4>. . Equation (3) is then reduced to: 

6 d 6 w 5 d 6 d 

* 6 d 5 d * 6 d 6 w _ Y G G y (4) 

X y W 

6 d 6 d 

For structure 2 this expression is equal to Y^G^ or Y y G s G y depending on 
which loop is in use. For the dual-loop structure 3 this expression becomes: 


Vd ' fl 

Vd ' 4 
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Fig. 3. Dual loop control of heading angle and lateral position 


Thus, no matter which structure the driver is using, the same cross spec- 
tral expression is calculated to obtain the car-driver transfer function. How- 
ever, as will now be shown, the form of the transfer function obtained differs 
depending on which structure is in use. 


In the first two structures, either heading angle or lateral position 
is being controlled at any one time. Thus the first two structures are single 
control loops which, in the frequency range used in this study, may be expected 
to conform closely to the crossover model. Therefore, using equation (1), the 
car-driver transfer will have the form w e "3 Wt /j W ‘ When thl ’ s function is 

plotted on a Bode plot (amplitude and phase vs. frequency) the amplitude slope 
is 20db per frequency decade (see Fig. 4). 



The values assumed for the driver's 
transfer functions in the third structure 
were such that the car-driver transfer 
function could be modelled at mid- and 
high frequencies (i.e., near crossover 
frequency) by the crossover model, as in 
the first two structures. However, the 
presence of the outer loop operating on 
y, affects the expected amplitude slope 
of the Bode plot. Using equation (5), 
as frequency increases, the ratio 


fig. 4. Amplitude Bode plot of the 
car-driver transfer function for 
structures 1, 2, 3 


G^ /G^ decreases rapidly so that the 
w °w 

main effect of the Y' term is at low 
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frequencies, where it causes an increase in the amplitude slope as seen in 

4 ‘ ™us structure 3 may be distinguished from structures 1 and 2 by the 
tUncf^ ?, f a J . 1 ceased slope in the Bode amplitude plot of the car-driver 
bv morp^iihtia 100, St [ uctures 1 and 2 must be distinguished from each other 
arSnL C( i 6s ’ 1 h ? w f ver - Beca use of the change in operator requirements, 

would °F lateral Position to dominant control of heading angle 

^^frequencies 3 'ffi ^^over freqeuncy and an increased phase angle at 
for lltSSi difficulty of generating the low frequency lead needed 

iipnpioc an l P 0 ^ 1 ^ 1011 control results in a pronounced phase droop at low freq- 
uencies and a lower crossover frequency.) q 

structure C used d by a the n Ll)j^c U ts Sed ab0 ' ,e “ Sed *° help deterai " e the c0nt, • 0, 


EXPERIMENTAL PROCEDURE 


auDjects 

^i.. To te ! t ^6 hypothses about changes in steering control with learnina 

t ??!l Ce driver ? Participated in an experiment using an nstrumenJSd’car 

VftJ Wit Week p * nod -, The sub J' ects were all high school students who at the 

dri ver°trai ni n^Droaram 3 Th St penod ? ere $ eg1nnin9 a th ree week intensive 
nvI«!L train I n 2 P r ?9 ram * They were selected on the basis of havino had minimal 

rSdln d^ 0 * 6 -° f Jr iv l n 9* Three subjects had never driven a car before beinq re- 
corded driving the instrumented car and the other subjects had driven on St 

occasions ollVZ flw SvJfo!“ MeCtS ^ °" "'" e separate 


equipment 

HHwpI h rnl!! t i U,nented car d rl ven the subjects was capable of recordina 
driver control measures, vehicle motion variables and vehicle lane oositinn 

8 described 

liaht°?I t a 0 ii.tr!3i UC i r US6S 3 ro J ating P rism to scan the intenstiy of reflected 
light in a lateral plan across the road and reflect the liaht in * nhn+ n *m Ze ° 

plifier. Any marker which sufficiently contrasts with its SlrJSuSdiSSs is’ 

impS? “, b r^ par * of th ® referenc e line by the lane tracker. For the exoer- 

the" posit io^de tec tor. W3S ' afd d ° W " SS a Ce " ter lane mrk * r *° be P*** 

. servo control allows for application of steerinq inDuts to thp f»*nnt 

wheels independently of the driver’s steering inputs. fhis ts acclpHsheS jy 
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hooking up an analogue tape recorder containing a taped disturbance which is 
played back and passed by means of an electro-mechanical device through the 
steering linkage to the front wheels. This provides a means of measuring the 
closed loop dynamic behavior of the driver by insertion of a known input or 
disturbance function into the loop. The disturbance function used in the 
e x penment was a sum of nine sinusoids - .377, .503, .754, 1.257, 1.634, 2.765, 
4.2/1, 5.781 and 10.801 rad. /sec. Each of these input frequencies has an inte- 
gral number of cycles in a 50 second run length. The advantage of using a 
sum of sines input is that while the remnant is spread out over many frequencies, 
the input is concentrated at discrete frequencies. Thus, at these discete fre- 
quencies, where the driver car-driver transfer function is measured, the remnant 
is swamped by that part of the output signal which is correlated with the input, 
so that relatively clean estimates of the correlated output are obtained. 


The variables recorded during the subject runs were: steering wheel angle, 
front tire angle, heading angle, lateral acceleration, lateral position, 
forward velocity and the disturbance signal input. 


Procedure 

Each of the twelve subjects came to the test site twice a week for five 
weeks. On the first test day it was determined from the first two subjects that 
£5c speed ° f 40 k * p * h * This determined the speed which 

t 11 i t ? e J est runs * Runs were made U P and down two marked lanes on 
LifllJ Tf stret f; h °f an unused runway. In total 200 seconds of data were 
collected for each subject on each day. 


RESULTS 


Changes in the Car-Driver Transfer Function with Learning 

*ble 1 summarizes the one factor, repeated measures, analyses of variance 

° U - fo : t f e ampl 1 tude and phase angle values in the car-driver 
transfer function, using twelve subjects and nine (treatment) days. Analysis 

SL22JSSr k PeCt o U 5« f s 5 e ® rin 9 wheel angle showed that the driver's input at 
frequencies above 2.765 rad. /sec. was negligible (< 1% of total input). Also, 

mJt^ e Ar« f i r f« enC f S K? he s 2 gnal t0 noise rati0 is hi 9 h and therefore the esti- 
f rel ' iab l e * Consequently changes at the first six frequency points 
(in the disturbance signal car-driver transfer function) are of greatest Int- 

nf Ji b ri 1 ^?if^ Ure I Sh r w \ h . at a s ^ 9 nificant increase in amplitude 
of the car-driver transfer function occurred over the test period at the first 

our freqeuncy points. However, the amplitude at the first frequency point 
showed the most dramatic change. While the means of the first two days were 
approximately equal, the mean increased by 40% on the third day and fluctuated 
about this value for the last six days. As this large Increase did not occur 

- 3 I 7 ™ 3 - /s ? c " a chan 9e 1" slope of the amplitude 
plot of the car-driver tansfer function Is Indicated. When individual subject 
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TABLE 1 . . 

Nine (treatment) Days. 12 5ut>jec 


Frequency 
rad. /sec. 

.377 
.503 
.754 
1.257 
1.634 
2.765 
level of si 


%88 
2-2«« 
:+++ 
'++ 


Amplitude 

Differences Between Days 
(.05 Level) 


Phase 


Differences Between Days 
(.05 level) 


3.158 

4.725, 


2.651 
0.845 
1.607 
inificance: 


Day 1 
Day 1 
Day 1 
Day 1 


r 8,88 

1 .622 

c AO; Day 2 < 9 1 .550 

3 : 9i Day-2 < 4,9 0.930 ^ ^ 8>5; Day 9>6 . 7 

" Day ’/.Uoi Day 3-6<7-9 


8.646 


21.234 

++ .01. +++ *ooi 


+++ 


I0V 0I ox -■ , 

plots were examined it was found that, for - half of JuWects the amplitud^ 

Sf the .377 rad. /sec. point showed a sharper .ncrease^over^ ^ 

than did the amplitudes at other f je<^enc , ™ 1n the section on modelling. 

a^increas^i^th^amplitode^lope, particularly at low 1$ * reS “ U 

of ihe wly subjects used the lateral posit) on cue. 

When the phase angle (of the car-drivertransfer fuMtionJ 
-180°“ the car-driver system ^’e * . that an inpu^ge^ ^ >r# 

exponentially ’"cneasing °"tpu • (ph anq i e s at frequencies further from 

to be desired around crossover. (Phase angles °V p7_ urp 6 shows that at the 

subjects improved their stability of control. 

... z, 

^ ♦p glinlitude^of^the^car-d river transfer^ function 
rArM ^r^^SNrphrLrgin. and reduced 

heading angle deviation. 

Modelling the Driver-Alone Describing Function 
In the first two structures Postulated the f apts to each^set^ 

(see JiTT was noted previously. 
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Fig. 5. Change In amplitude (12 sub- 
jects) 



Fig. 6. Phase angle changes around 
crossover (12 subjects) 


experimental data shows that a switch 
from proportional control (l.e., control 
of lateral position) to rate control 
(l.e., control of heading angle) results 
In a large Improvement In crossover 
frequency. Although there was mean 
Increase In crossover frequency in this 
study, from 1.696 to 1.929 rad. /sec,, 
the Increase was small, occurred grad- 
ually, andwas statistically insignifi- 
cant. Only two of the twelve subjects 
showed large changes In crossover fre- 
quency. Further examination of the data 
suggested that reasons other than a 
change In control structure were respon- 
sible for the Increase. 


Another factor which aids In deciding upon the control structure In use 
Is the percent of high frequency area (%HFA) In the power spectrum of the 
steering wheel angle. A car's dynamics are such that at the higher frequencies 
It shows a greater response In heading angle than It does In lateral position. 
Therefore, a driver who controls lateral position most use lower frequency 
Inputs to get a reasonable response from the car. Consequently, one would 
expect that %HFA would be lower for a driver controlling lateral position than 
It would be for a driver controlling heading angle. The data showed that the 
%HFA was higher rather than lower, though not significantly so, in the first 
days of the experiment than In the last. This Is another Indication that 
the subjects were probably not using the first postulated structure where lat- 
eral position was the primary cue for control. 

Though this assumption will be used In determining how the driver transfer 
functions will be modelled, It must be stressed that the structure of a system 
with only one input, with which to Identify two operator transfer functions, 
can only be Inferred; It cannot be known with certainty. 

If the first structure can be eliminated as a mode of control, the mod- 
elling of the driver-alone transfer function Is simplified. 
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Let us consider the third control structure. As was discussed previously, 
the form used for Y , the driver's operation on functions of lateral position, 

was to be a simple gain K y . If the data are fitted to this third structure, 

but have, in fact, been generated by the subject's using the second structure, 
the term will be zero. Consequently, equation (5) will reduce to an equa- 
tion which describes the second control structure. Consequently the value of 
Ky will indicate which structure was probably in use. 


The effective driver-alone transfer function for the third structure was 
derived by removing gij> , the car's dynamics in heading, and modelled using: 


(5) 


t 

Y. 


“w 


Table 2 shows the values derived for K,, t, T', and K for selected 

v r y 

test days, averaged over twelve novice drivers (see also Figure 7). 


TABLE 2 

Parameters for the Averaged 
Effective Driver Transfer Function 


Day 

deg. /deg 

K* rad. /sec. 

t sec. 

1 

0.590 

* 0.20 

.42 

2 

0.655 

0.20 

.42 

3 

0.595 

0.44 

.36 

6 

0.615 

0.71 

.37 

9 

0.630 

0.82 

.25 

(since T' : T 
r r 

(* 9.4 rad. /sec. 

for the test car), T' 

r 

* T r was assumed) 


Ky a KyUo where Uo is the forward velocity 


Discussion of Modelling Results 


Bata, from experienced drivers, that (in reference 8) was fitted 
to the third control structure show the amplitude fit to be good across all 
frequencies measured and the phase fit to be best nearest the crossover fre- 
quency. This same type of model fit was obtained with the experimental data. 
Goodness of fit parameters were calculated using the distance from the modelled 
to the actual data point, relative to the standard deviation at that point. 

For the experimental car, the response lag which is offset by the driver's 
use of heading rate (vs. heading angle) begins to have effect at 9.4 rad. /sec. 
(the break frequency). Though 1/T^ is expected to be approximately equal to 

9.4 rad. /sec., and because this value is far enough outside the measurement 
frequency range to have little effect on the model anyway, 9.4 rad. /sec. was 
used for the value of 1/r for all days. It is evident from the fit parameters 
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PHftSC in DEGREES **10*, 
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1.00 


In Table 2 that the largest changes occured In the value of K\ The smaller 

changes In the parameter Indicate that heading angle was controlled In much 

the same way on the first day as on the last. In contrast, the value of K' 

»£S!l e /, b f tWeen 5 ? 7 S t j° / and f hree » moving within the measurement frequency 
T .j?9® t rad. /sec.), and doubled again between days three and nine 

r *f lect ? 1ncre «e In the amplitude of the car driver 

fn the ^valu2 C if°S' a Lint 7 fA a f^ S f C * bet "! en days tw0 and three - The Increases 
in the value of K y point to the Increased control of lateral position as de- 

fa??,! !?„*!!? if! r i s r u L tur !; Tb ® phase f * ts were so P° or that very little 
ffldw ofl ^ 1n th ® time del «y values. However, they do conform to the 
t reasearchers that the time delay decreases with learning 
(Reference 1). A large Improvement In the model fit to the phase 

S2 Stta2i?'S, , )?,lSS3 r^. a 7 s , the ,requenc > *« ^ 


4 

8 * 0.00 4 

5 

|j -i.oo 

0,00 4 


-0,00 4 


-0,00 4 


-tl.OO 




*■ • 


CONCLUSIONS 

In summary, though the fit para- 
meters do not indicate a sharp division 

. y.tumHm, be * we ®" d ^ s ° ne and tw ° and day three, 
— **’ *■ "wh •*«» enough of a change In K' Is Indicated 

* 9«, MMttitrr* _ .... . y. 

■* -mou^hti to suggest that on day three and there- 
after the drivers' control structure 
bore more resemblance to structure 
three, where an outer loop controlled 
lateral position, than to structure 
two, while on days one and two, the 
reverse was true. 


. l */ 


10* 1 


Fig. 7. 


1 * ♦ ia» * » , 

LOG FREQ BflO./SCC. 

Effective driver transfer 
function, averaged over 12 
subjects, days 1 and 9 


Other experimenters, using lab- 
moratory tracking tasks (Reference 9) 
have not found changes In strategy 
with the learning or tracking control 
but did note Improvements In gain and. 
crossover frequency. Using a more 
complex tracking task, steering a car. 


ch nge In gain. Phase margin rather than crossover frequency was found to 

?Tf.? I h that the subjects opted fwa? U“!emmt 

to stability of control over Improved system response. ^ 
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